An integrated three-dimensional optical multilayer system for optical data communications is presented. It is based on the use of free-space optical light propagation and combines two integration principles, namely, planar and stacked integration. The combination of both integration schemes aims at a maximal design flexibility for complex geometric layouts. On the other hand, packaging issues that stem from assembly and tolerance have to be considered. Here we describe the basic concept and demonstrate the implementation of an optical interface module in a processor-memory bus.
Introduction
Optics is on the way to becoming an alternative interconnection technology for computer communication. As for reasons why, one can state, e.g., its large bandwidth, its low latency, and its use of the third dimension. Optics allows one to overcome the crucial bottleneck of communication speed between chip and onboard devices. 1 The strengths of fiber optics are the areas related to point-to-point interconnects with a relay distance from several kilometers down to several tens of centimeters in communication and in rack-to-rack networks, respectively. In these fields, they are an established technology, for onboard or on-chip interconnection fibers are no longer the best choice. At this interconnect level, the channel density increases and tasks imply fanning operations. Alternative optical concepts are embedded waveguide and integrated free-space optics. Currently, polymerbased waveguides reach the level of low-cost devices in optoelectronic-printed circuit boards (OE-PCB). 2, 3 However, the achievable interconnect density and the quantity of fan-out is currently not comparable with those on electronic chips. Especially the geometric and topological limits are a critical issue. Here, the strengths of free-space optics (FSO) such as a highspace-bandwidth product, flexible beam shaping, and splitting are the advantages that help to overcome the geometric and topological limitations. The inherent property of free-space optics is the use of localized optical elements, e.g., lenses, that overtake the task of the waveguide that is completely localized with the light path. In FSO, signal paths cross each other without any interference, and the medium between transmitter and receiver can be used for arbitrary interconnection. By use of integrated FSO, these features are kept. Additionally, similar microfabrication concepts help to match optics and electronics. Several integrated free-space optical modules, e.g., for clock distribution 4 or data communication, [5] [6] [7] were demonstrated. The typical interconnect distance is of the order of 3-30 mm. Having these features in mind, it is a small step to use integrated FSO as an interface between OE and fiber or waveguide optics in optical-bus systems.
The European Union-funded project, High-speed OptoeLectronic Memory Systems (HOLMS) was initiated to show the feasibility and advantages of such an optical-bus system. 8 The application is a JEPG2000 decoder that runs on an optical processor-memory bus in a multiprocessor system. The bus concept is based on three pillars: a board-to-board fiber bus, an onboard waveguide bus, and a free-space optical interface for coupling signals from-to OE components, e.g., laser diode or photodetector arrays. To keep systems small and to match OE and optical input͞output (I͞O) ports, integrated FSO is required. Two viable approaches to integrate FSO have been investigated extensively: stacked planar optics 9 (SPO) and planar-integrated free-space optics 10 (PIFSO). We discuss these concepts and introduce their combination as an integrated 3D free-space optical multilayer (Section 2) that performs the tasks of the interface module. Sections 3 and 4 describe the investigations into the design, fabrication, and assembly, as well as, the test setup and the experimental results, respectively. The paper closes with a conclusion and an outlook (Section 5) about the potential of the concept of a 3D free-space optical multilayer.
Merging Planar and Stacked Free-Space Optics
Originally, integrated optics was exclusively associated with waveguide optics. Miller 11 introduced this term in 1969. However, with the works of Iga et al. 9 in 1982 and Jahns and Huang 10 in 1989, the idea of integration was also introduced to FSO. As for electronic chips, integrated optics is generally connected to the ideas of (1) low-cost mass fabrication, (2) reduced need for optical alignment, and (3) stable setups that are (4) widely immune to external influences and provide (5) a platform for various materials and technologies.
The proposal of Iga et al. 9 describes an integration of optical components on several planar substrates that are stacked together, which is illustrated in the top part of Fig. 1 . They introduce the term SPO to specify this integration method. The optical elements are integrated on the surface or in a small depth of the substrates. Several of these substrates are stacked together to form the optical system. The strengths of SPO are found especially for high parallel on-axis optical interconnects with passive components, e.g., fiber interconnects with gradient-index optical elements, see Refs. 9 and 12. SPO is less appropriate for complex optical systems that have to perform a complex topology or a large number of fan-out or fan-in. The important challenge of the SPO concept is the assembly of the planar substrates with high accuracy. This means, the macroscopic substrates have to be aligned and fixed with microscopic or submicroscopic tolerance. In comparison with the conventional free-space optics where air usually serves as the transfer medium, this concept uses the medium of the substrate. Whereas FSO in air is mostly limited by the thickness of the optical elements (or their surface profile), the thickness of the planar substrate is the key parameter for the SPO concept. According to the stack of planar substrates and the placement of optical elements on their surface all optical subsystems (or channels) have the same properties, in general.
Planar-integrated free-space optics (PIFSO) considers the above-mentioned integration features, too. PIFSO is based on folding the 3D optical setup into a 2D layout, where the optical elements are placed on both main surfaces of a planar substrate (center part of Fig. 1 ). Due to the folded optical path, the opticalpath length between two elements is not so strongly correlated with the substrate thickness as it is in the SPO concept. Besides, along the axis of propagation, the signals are accessible at every surface for miscellaneous interaction with passive or active optical or electronic elements. Herewith, the PIFSO concept increases the degree of design freedom in comparison to the SPO concept. For fabrication, standard processing methods such as lithography and etching, injection molding, casting, or embossing, as well as bonding are suitable. The compatibility of the PIFSO concept with surface-mounting techniques allows for this concept to be used as a platform for electronic and OE components integration. The monolithic setup is the important advantage of this concept and reduces the packaging task to a minimum. Microoptical systems that are based on the PIFSO concept were realized for several applications, e.g., clock distribution, 4,13 planar-optic-disk pickup, 14 matrix multiplier, 15 ultrathin-folded imager, 16 or cryptographic decoder. 17 The integrated 3D free-space optical multilayer merges the two concepts described above. In Ref. 18 , the idea of coupling a small number of substrates with optical elements placed on outer and interim surfaces and assembled into one package is already In planar-integrated FSO, the optical path is folded inside a substrate (center part). This leads to a maximized degree of integration and a minimized packaging effort. A 3D free-space optical multilayer results from a combination of both concepts (bottom part). Herewith, an optimized relationship between design freedom and monolithic integration can be achieved.
mentioned. By following and extending this idea, we arrive at a 3D free-space optical multilayer. The main feature of the PIFSO concept, the folded optical path, is retained (see bottom part of Fig. 1 ). In common, this concept allows an increased flexibility for the optical design and the topology. In fact, this means that more complex geometric layouts can be realized. The advantages are exemplified in the schematic by means of the optics shown in the schematics for SPO and PIFSO. However, the concept of an integrated 3D free-space optical multilayer reinserts the necessity of assembly. It is the task of the designer to balance the convenience for optical design and the challenge of packaging to find the optimal trade-off. The concept includes all features of integrated optics, especially if it can be seen as a modular platform for various materials and technologies. Of course, thermal and material issues have to be considered.
Design and Implementation of the Optical Interface
In the optical-bus concept of the HOLMS project, integrated FSO was intended to serve as an interface (module) among waveguides, fibers, and OE components. To ensure an overall power budget of 21.8 dB, VCSEL diode arrays (ULM-850-05-TT-A0112B) with an optical output power of 1.5 mW and photodetector arrays with 10 W of incident optical power are used. The planar free-space optical modules are the carrier for MT connectors and the multichip modules 19 (MCM) that contain fiber-ribbon cables for board-toboard interconnection and electronic and OE chips, respectively. These populated modules are inserted vertically into the OE-PCB. Geometric layout constraints resulting from electronic processing and assembly of the MCMs and the OE-PCBs challenge the design of the free-space optical modules (see Fig. 2 ). The task gets more complicated by the fact that arrays of multimode transmitters with large cross sections (waveguide core with up to 70 m ϫ 70 m) have to be relayed with high efficiency. The 3D optical multilayer appears as a promising approach to solve these challenges. The optical system design of the prototype is shown in Fig. 2(c) . This picture displays the bottom part of the interconnects that is presented in the 3D visualization in Fig. 2(a) . The optical subsystems for the long and the short distances are labeled as subsystems A and B in the interconnect schematic of Fig. 2(b) , respectively. The optics of subsystems A and B are based on a hybrid imaging 20 and a multichannel system, 21 respectively. The interconnection to fiber bundles is also achieved by a similar hybrid imaging system.
The hybrid imaging optics used for subsystem A consists of an incoupling and an outcoupling lenslet array with an interim central imaging lens. The coupling elements are placed on the outer surfaces of substrate 1 or 4, whereas the central imaging lens is fabricated on the right surface of substrate 2 [see Fig.  2(c) ]. The optics are designed for point sources at a wavelength of 850 nm and with a NA of 0.1. The effective interconnect distance is 5 mm, whereas the length of the optical path is 43.65 mm, because of the module thickness of 12 mm. The coupling distance between the OE elements on the MCM and the PIFSO is optimal with 750 m in quartz glass ͑n ϭ 1.465͒. A microlens implemented directly above the laser diodes on the MCM 22 reduces the transmitter NA from 0.24 to 0.1. The coupling distance between a waveguide or fiber and the PIFSO is 900 m. The theoretically achievable efficiency, considering Fresnel, geometric, and diffraction loss, is Ϫ5.3 and Ϫ9.5 dB for coupling from laser diodes and waveguides or fibers, respectively. The calculation is based on a homogeneous illumination of the incoupling element and the first-order intensity equation for quantized phase functions: ϭ sinc 2 ͑1͞N͒, where is the diffraction efficiency, and N is the number of phase levels. The geometric loss was considered by a ray-tracing analysis tool. 23 A ray-tracing-based tolerance analysis of a similar optical design was published in Refs. 24 and 25. The analysis resulted in a loss of rays of less than 6% or 27% for 5 m or for 10 m lateral transmitter misalignment, respectively. For less than Ϯ112 m, the longitudinal transmitter misalignment geometric loss is lower than 1%.
The subsystem design (A) is based on a multichannel approach. The design consists of seven optical elements that relay the light through the substrate. The incoupling element L(1), an off-axis lens, images the transmitter (a laser diode-microlens combination on the MCM) via grating G(2) on the surface of L(3). Lens L(3) images the surface of L(1) on the surface of L(4) with a magnification of Ϫ1͞2, while L(4) images the plane of L(3) to L(5). L(4) is the symmetry axis of the design, so that G(6), L(5), and L(7) are the conjugated elements to G(2), L(3), and L(1), respectively. The necessary deflection angle is achieved by a cascade of two elements, off-axis lens L(1) and grating G (2) . By splitting the two tasks, i.e., reduction of the divergence and achieving a large deflection angle among the two elements, an optical system with highly efficient multilevel ͑N ϭ 8͒ elements is feasible. Theoretically, an efficiency of Ϫ5.5 dB can be achieved. A simulation, based on ray tracing, shows that the design allows a light transfer without geometric and NA loss for incoupling from the above-described laser diode arrays.
The optical elements were fabricated by means of multimask binary photolithography and reactive ion etching upon fused-silica substrates. 25 For the reflective coating, we used a thin layer of silver that is covered by aluminum. Both coatings were e-beam evaporated. For the alignment and assembly procedure, two different techniques were applied: (a) visual adjustment of marks, e.g., dark cross over bright cross, where consecutive surfaces have to be aligned and (b) an imaging alignment method. 26 In principle, the latter method uses a mark consisting of conjugated quadrants and a reflective lens on different substrates. The mark and the reflective lens are placed relative to the known coordinate system of the substrates. Both substrates are optimally aligned, if the opaque quadrants of the conjugated mark are imaged to the bright areas. The alignment process was assisted by the precise alignment mechanic of a modified mask aligner (Suess, MA4). The cementation of the substrates is accomplished by UV-curing glue (Bohle, B-665-0) with low viscosity that allows for very thin layers. After assembly of the four substrates that form the 3D free-space optical multilayer, thin glass substrates were attached to protect the optical elements on the outer surfaces. The finished 3D optical multilayer with a capacity of 192 channels is shown in Fig. 3 .
Experimental Results
Before the 3D optical multilayer is assembled with the MCM and the PCB-embedded waveguides as shown in Fig. 2(a) , all optical I͞Os were tested by use of multitermination (MT)-housed fiber ribbon cables. Therefore metal interface plates (MIP) with MT sockets for all I͞Os were fabricated by micromachining in bronze alloy. The size and the position were achieved with an accuracy that is better than 5 m. The top side of the front MIP with MT sockets and four MT- housed fiber bundles is shown in Fig. 4(b) . Figure 4(c) shows the MIP aligned to the 3D. optical multilayer. The complete setup for the efficiency test of the 3D optical multilayer module is shown in of Fig. 4(a) .
For the experimental test, a single-mode fiber bundle (F-SBA, Newport, 0.17 NA) that is terminated with 12 ferrule connector/physical contact (FC/PC) connectors and one 12ϫ-MT connector is used as a transmitter. A similarly terminated multimode fiber bundle (gradient index, 62.5͞125, 0.27 NA, 12ϫ FC͞PC, 12ϫ MT) constitutes the target. A laser transmitter [BCP 400, 50͞125, straight tip (ST) pigtail] and an optical powermeter (Ando AQ 2140 with detector AQ 2741) serve as a light source and for detection, respectively. Due to the use of singlechannel connectors, a defined measurement of the efficiency and the cross talk for each channel is available. The efficiency of the module is measured by determining the difference from a calibration measurement (with butt-coupled MT connectors) and a measurement with the inserted module.
First results for subsystem A are presented in Fig.  5 . The values are in the range of Ϫ7.37 and Ϫ8.31 dB, which is approximately 2 dB over the theoretical feasible efficiency. Channels 1 and 10 are mismeasurements due to a damaged fiber and a failed calibration, respectively. Except for these channels, the homogeneity is given with less than 1 dB. The cross-talk suppression is larger than 31 dB. The differences between experimental and theoretical values can be explained by the mismatch between the design and the experimental parameters: First, the optics are optimized for a NA of 0.1, and the transmitter fiber has a NA of 0.17. Second, the microlens on the MCM that could decrease the NA to 0.1 is not in use. Obviously, channel 10 shapes up as an outlier. A visual impression of the interconnect is given by some observation pictures showing pairs of active channels for subsystems A and B in Figs. 6 and 7 , respectively. For this, the outcoupling MT connectors were removed and additionally illuminated to make the surrounding area visible.
The concept for the precise assembly of PIFSO modules and OE-PCBs was demonstrated by use of another PIFSO prototype. Figure 8(b) shows the PIFSO prototype inserted in the OE-PCB. The test of this interconnect yielded to a stable assembly with adequate alignment. From experimental results, the interconnection via the complete system exhibits an average coupling efficiency of Ϫ8.4 dB in which a portion of the waveguide is Ϫ3.4 dB.
Conclusions and Outlook
We have presented an integrated 3D free-space optical multilayer system that combines two FSO integration concepts: stacked planar and planar-integrated freespace optics. On the one hand, this combination features flexible designs for complex topologies and high interconnect density. On the other hand, it implies a more complex assembly and packaging process. For an optimum implementation of such systems, these tradeoffs have to be balanced.
The integrated 3D free-space optical multilayer module serves as an interface in an optical processormemory bus. The optical design has been presented, and the steps of implementation have been described. Finally, we have tested the function and efficiency experimentally. The first results confirm a good homogeneity, an average efficiency of approximately Ϫ7.73 dB and a good cross-talk suppression. The efficiency can be further increased by using refractivereflective elements with lower individual losses. Various efforts are under way to demonstrate an improved system. Improvements in efficiency of up to Ϫ4.43 dB by the use of refractive-reflective coupling elements (fabricated by gray-scale lithography and replication) for an interconnect module with a similar optical design have been achieved. 27 However, it is obvious that an optical processor-memory-bus interconnection with a power budget of 21.8 dB as specified during the course of the HOLMS project is achievable. By use of a previous PIFSO prototype, we have also demonstrated that a precise alignment and assembly of PIFSO modules and OE-PCB is feasible. A similar assembly is also planned for the 3D freespace optical multilayer.
The concept of a 3D free-space optical multilayer can also be seen from a more general point of view. With several I͞Os on the surfaces and potentially on all surfaces in the geometric 3D space, one can introduce a free-space optical cube that interconnects the levels of PCB-embedded multilayer waveguides and OEs. The result can be a free-space node that serves as a passive connector in the optical data communication bus.
